[1] Field observations and quantum chemical calculations suggest that amines can be important for formation of nanometer size particles. Amines and ammonia often have common atmospheric emission sources and the similar chemical and physical properties. While the effects of ammonia on aerosol nucleation have been previously investigated, laboratory studies of homogeneous nucleation involving amines are lacking. We have made kinetics studies of multicomponent nucleation (MCN) with sulfuric acid, water, ammonia and amines under conditions relevant to the atmosphere. Low concentrations of aerosol precursors were measured with chemical ionization mass spectrometers (CIMS) to provide constrained precursor concentrations needed for nucleation. Particle sizes larger than $2 nm were measured with a nanodifferential mobility analyzer (nano-DMA), and number concentrations of particles larger than $1 nm were measured with a particle size magnifier (PSM). Our observations provide the laboratory evidence that amines indeed can participate in aerosol nucleation and growth at the molecular cluster level. The enhancement of particle number concentrations due to several atmospherically relevant amine compounds and ammonia were related to the basicity of these compounds, indicating that acid-base reactions may contribute to the formation of sub-3 nm particles. Citation: Yu, H., R. McGraw, and S.-H. Lee (2012), Effects of amines on formation of sub-3 nm particles and their subsequent growth, Geophys.
Introduction
[2] Atmospheric nucleation is an important source of new aerosol particles which may significantly contribute to the global production of cloud condensation nuclei (CCN) [Merikanto et al., 2009] . Ultrafine particles also have adverse effects on human health. But at present, the nucleation mechanisms are poorly understood. Recent chemical analysis of nanoparticles showed that nanometer size particles contain sulfate and ammonium, along with various oxygen-and nitrogen-containing organic components in a wide range of atmospheric conditions, from rural to urban areas and from biogenic to polluted environments [Bzdek et al., 2011; Makela et al., 2001; Smith et al., 2010] . Molecular clusters containing H 2 SO 4 and amines were also observed in the atmosphere [Zhao et al., 2011] .
[3] Quantum chemical calculations showed that amines can form neutral and ion clusters with H 2 SO 4 , even more effectively than NH 3 [Kurtén et al., 2008] and that amines can stabilize H 2 SO 4 dimers to prevent evaporation of these dimers . Laboratory studies further showed that amines can substitute ammonium to aminium in sub-3 nm aerosol particles [Bzdek et al., 2010] . However, there are so far only two laboratory studies that have examined the effects of trimethylamine and tert-butylamine on H 2 SO 4 aerosol nucleation [Berndt et al., 2010; Erupe et al., 2011] .
[4] Here, we have investigated the H 2 SO 4 -amine-H 2 O multi-component nucleation system (MCN) in a fast flow nucleation reactor coupled with a particle sizing magnifier (PSM), a butanol-based ultrafine condensation particle counter (CPC), a nano-differential mobility analyzer (nano-DMA), and two chemical ionization mass spectrometers (CIMS). The PSM, coupled with a CPC, can count particles as small as $1 nm [Vanhanen et al., 2011] , thus including those newly formed molecular clusters. Two CIMSs were used to measure low concentrations of H 2 SO 4 , NH 3 , and amines with fast time response. To our best knowledge, currently we are the only group that is making simultaneous measurements of these acid and base precursor compounds for nucleation studies. Five atmospherically most relevant amine compounds (methylamine, dimethylamine, trimethylamine, triethylamine, and tert-butylamine) were investigated and the enhancement of nucleation due to amines was compared to NH 3 .
Experiments
[5] The Kent State University nucleation experiment system consists of four components: an OH generator, a mixing tube, a transit tube, and a fast flow nucleation tube attached to two CIMSs and particle detectors. The setup has been described in detail elsewhere [Benson et al., 2009 [Benson et al., , 2011 Erupe et al., 2011; Young et al., 2008] . Figure S1 in the auxiliary material shows the experimental conditions used in the present study, including flow tube dimension, flow rate, residence time, and temperature.
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[6] In the mixing tube the distance between the two ports, where SO 2 and amine were introduced, was 16.4 cm (residence time 6.2 s) ( Figure S1 ). This relatively long distance was used to minimize the amine oxidation by OH; hence with this configuration, the CIMS-measured [H 2 SO 4 ] at the end of the mixing tube did not decrease, even when very high concentrations of dimethylamine (e.g., 20 ppbv) were introduced. A high temperature (318 AE 5 K) was also applied to the mixing tube to prevent nucleation of H 2 SO 4 . This allowed the gas phase H 2 SO 4 molecules (without being nucleated) to be merged with amines, before entering the cooler nucleation reactor (287 K). Under typical experimental conditions, a total flow of 8.26 liters per minute (lpm) passed through from the hot mixing tube; amongst, 5 lpm was introduced into to CIMS attached to the beginning of the nucleation reactor, and the rest to the nucleation reactor.
[7] The detection limit of our H 2 SO 4 -CIMS is $5 Â 10 4 cm À3 with an integration time of 1 minute [Benson et al., 2009 Erupe et al., 2010] . NH 3 and amine concentrations were estimated based on the concentrations determined using pre-calibrated, National Institute of Standard and Technology (NIST) traceable permeation tubes in a gas standard generator (Kin-Tek 491 MB), combined with further dilution ratios in the mixing tube. Concentrations of impurity NH 3 and amines in the flow tube system were also systematically investigated with CIMS based on [Benson et al., 2010; Erupe et al., 2011] (Table 1 ). The detection limit (3 standard deviations of the background signal fluctuation) of our CIMS for NH 3 , methylamine, dimethylamine, and trimethylamine is 54, 14, 75, and 8 pptv, respectively, with an integration time of 1 minute (Table 1) . Table 1 summarizes the ion molecule reaction schemes used for the detection of these compounds, as well as the measured impurity levels of each compound originated from water vapor, carrier gases, and amine permeation tubes. Our results indicate that water vapor was the major contamination source of these base impurities, while the impurity NH 3 and amines from the carrier gases were all below the detection limits. When no ternary species was introduced into the nucleation reactor, the detected NH 3 and trimethylamine impurities were 84 AE 17 pptv (one standard deviation in the measurements) and 32 AE 3 pptv, respectively, at RH of 70%. At RH of 32%, these base compounds were all below the detection limit. Due to these impurities, the experiments performed without adding ternary species, which was intended to represent the binary homogeneous nucleation (BHN) system, were referred to as the "Nucleation with Low concentrations of impurity Base compounds (NLB)". The experiments performed with the addition of base compounds were referred to as multicomponent nucleation (MCN). Thus, the enhancement factors (EF, the ratio of total particle number concentrations measured with the addition of base compounds vs. without adding them) obtained in the present study may be considered as the lower limit of the actual enhancement by base compounds.
[8] A PSM and a butanol-CPC (TSI 3776) were used to measure particle number concentrations. The detection efficiency of TSI 3776 is 100% at 3 nm, 50% at 2.3 nm, 25-30% at 2 nm and $10% at $1.8 nm, respectively, (http://tsi.com/uploadedFiles/Product_Information/Literature/ Spec_Sheets/3776_2980345.pdf).
[9] The detection efficiency of PSM is $100% at 3 nm, 50% at 1.5 nm, and $37% at 1 nm, with a flow rate of 1.0 lpm of the diethylene glycol saturator [Vanhanen et al., 2011] . Particle sizes from $2-100 nm were measured with nano-DMA (TSI 3085) using a high flow rate (1.5 lpm) of the CPC butanol saturator, for relatively large particles produced under high [H 2 SO 4 ] conditions (>10 8 cm À3 ). An inversion program was also developed to estimate size distributions of particles based on the number concentrations measured with PSM, as described in Section 3. This inversion method was used to predict size distributions of small particles (<2 nm), typically formed at [H 2 SO 4 ] from 10 6 -10 7 cm À3 with a short residence time (34 s).
[10] The nucleation zone was determined experimentally using a moveable injector, similar to [Ball et al., 1999] , by measuring particle number concentrations along the axis of the nucleation reactor (5.08 cm i.d. and 90 cm long, corresponding to 34 s residence time) (Figure S2a ). At the very beginning of the nucleation reactor, there was a negligible number of particles. Particle number concentrations then increased with axial distance and leveled off at 52 AE 3 cm (corresponding to a nucleation time of $19.4 s). This measured nucleation zone was also consistent with numerical calculations of a nucleation inversion model showing that nucleation time is about half of the residence time in the nucleation tube . Figure S2b shows the time evolution of H 2 SO 4 and dimethylamine concentrations and total number concentrations of particles in the nucleation tube under the typical experimental conditions.
Results and Discussion
[11] Particle size distributions in the diameter range from 0.5 to 5 nm were estimated from the measured PSM number The impurity concentrations measured from the permeation tubes are shown here as pptv impurity concentrations in 1 ppbv amine in the nucleation tube. Impurity concentrations were also determined for the NLB "Nucleation occurring with Low concentrations of impurity Base compounds". Ion-chemical reaction schemes used in CIMS to detect each of these base molecules and their detection limits (with 1 minute integration time) are also indicated. BDL indicates below the detection limit of CIMS.
b For the NH 3 detection, the following reaction scheme was used: (C 2 H 5 OH) n H + + NH 3 → NH 3 (C 2 H 5 OH) n-m H + + m(C 2 H 5 OH), where n and m = 1, 2, 3… etc. and m ≤ n, based on [Benson et al., 2010] concentrations with an inversion program which we have developed based on that of Brock et al. [2000] . The PSM detection efficiencies of particles in the size range from 1 to 5 nm were obtained using the mobility standard tetrapropyl ammonium halides and the positively charged silver nanoparticles, with saturator flow rates of 0.6 lpm, 0.8 lpm, and 1.0 lpm. Detection efficiencies of particles in the size range from 0.5 to 1 nm were extrapolated from the measured calibration curve. Particles generated in the nucleation tube, likely containing H 2 SO 4 , sulfate, ammonium, and aminium, were assumed to have the same detection efficiencies as the calibration particles. The detection efficiency of calibration particles has taken into account the diffusion loss inside the PSM. The sampling inlet between the PSM and the nucleation tube was only 4 cm (0.56 cm I.D.), so the diffusion loss in the sampling inlet was assumed to be minimal. Particles larger than 3 nm produced in the fast flow nucleation reactor were previously found to be in lognormal size distribution when measured with a nano-DMA , so particles smaller than 3 nm were also assumed to be in the lognormal size distribution. A nonlinear least-square regression method was used to optimize the size distribution. Uncertainties associated with the inversion include uncertainties in the detection efficiency, differences in the detection efficiency for the calibration and the measured particles, and uncertainties in the extrapolated calibration curve. Sensitivity analysis made by perturbing the detection efficiencies up to AE20% bias showed that the inverted particle median diameters varied within AE10% and the inverted total particle number concentrations varied within AE17%.
[12] Figure 1a shows the inverted particle size distributions for NLB (that is, nucleation occurring without adding ternary species but under the influence of low concentrations of impurity base compounds) at RH of 32%. In Table S1 shows the PSM-measured number concentrations, the inverted particle median diameters and the inverted total number concentrations, for the data shown in this figure. of 4 Â 10 6 cm À3 ), D p,invt increased with a factor of 1.3 and N invt increased with a factor of 1.7 when dimethylamine of 6 ppbv was added (Table S1 ). However, both D p,invt and N invt did not increase further, when [dimethylamine] was higher than 6 ppbv. This trend found at low [H 2 SO 4 ] (10 6 -10 7 cm À3 ) was also consistent with the nano-DMA measurements made at high [H 2 SO 4 ] (e.g., 3 Â 10 8 cm À3 ), where the measured particle median size (D p,meas ) increased with a factor of 1.4 and the total number concentration of particles (N meas ) increased with a factor of 1.6 with [dimethylamine] of 6 ppbv ( Figure 1d ). These results indicate that dimethylamine indeed can enhance both the sizes and total particle number concentrations of particles, demonstrating that dimethylamine can promote the formation of sub-3 nm particles and their subsequent growth. However, the comparison between NLB (Figure 1a ) and MCN size distributions (Figures 1b-1d ) also indicates that H 2 SO 4 has a more dominant effect on particle sizes and number concentrations of sub-3 nm particles, compared to dimethylamine.
[14] We have examined the dependence of enhancement effect (EF) on [H 2 SO 4 ] and RH. These EF values (EF 1nm ) were derived from the number concentrations of particles larger than $1 nm (N 1nm ) measured with PSM (Figure 2a) .
At [H 2 SO 4 ] from 3 Â 10 6 -3 Â 10 7 cm À3 , the EF 1nm due to dimethylamine (0.7 ppbv) ranged from 2-4 at RH of 18%, and EF 1nm ranged from 1-2.5 at RH of 32%. The EF 1nm curves at these two RH conditions followed the same trend: [Ball et al., 1999; Benson et al., 2009; Zhao et al., 2011] and trimethylamine [Erupe et al., 2011] [15] Figure 2b shows the measured EF due to methylamine, dimethylamine, trimethylamine, triethylamine, tertbutylamine and NH 3 at [H 2 SO 4 ] of 7 Â 10 6 cm À3 and RH of 32%. The EF (EF 2nm ) values shown here were estimated from the number concentrations of particles larger than $2 nm (N 2nm ) measured with TSI 3776 CPC. These EF 2nm values (10-400) were much higher than EF 1nm (1-4) ( Figure 2a ). This was because of the particle growth due to amines. For example, at [H 2 SO 4 ] of 7 Â 10 6 cm À3 without dimethylamine, N invt was 1.1 Â10 4 cm À3 with D p,invt of 1.2 nm, while N 2nm was only $20 cm À3 (Figure 1a) . With the addition of dimethylamine of 3 ppbv, N invt increased slightly to 2 Â 10 4 cm
À3
, but D p,invt shifted to a much larger size (1.4 nm) which resulted in a higher N 2nm of $2000 cm À3 . As a result, the EF 2nm was derived to be $100 (Figure 2b) . Additionally, because the detection efficiency of TSI 3776 has a steep curve between 1.8 ($10%) and 3 nm (100%), this also contributed to the larger magnitude of EF 2nm .
[16] The order of EF 2nm due to amines and NH 3 increased from NH 3 (basicity pK b = 4.75 [Sorrell, 2006] ), trimethylamine (pK b = 4.22), methylamine (pK b = 3.35), tert-butylamine (pK b = 3.32), dimethylamine (pK b = 3.27), to triethylamine (pK b = 3.25) (Figure 2b) , consistent with the order of basicity of these base compounds. The order of basicity of amine molecules is determined by the number and the size of the alkyl substituent, except that trimethylamine has a lower basicity due to the steric effect from three methyl groups. Recent quantum chemical calculations also suggested that dimethylamine-containing clusters can be thermodynamically more stable than trimethylamine-containing clusters [Kurtén et al., 2008; Nadykto et al., 2011] . Interestingly, a mixture of dimethylamine with NH 3 (1:2 ratio in mixing ratios) was found to enhance nucleation more effectively than dimethylamine or NH 3 alone (Figure 2b ). To explain this unique feature, future studies are required to investigate the thermodynamic stability of H 2 O-H 2 SO 4 -NH 3 -amine clusters.
[17] Figure S3 shows the measured Log J vs. NLB; with the dimethylamine, the slope decreased slightly to 1.3-1.6 ( Figure S3b ). The slope of Log J vs. Log [dimethylamine] was only $0.2 ( Figure S3c ), consistent with the previous studies which showed that the slopes of Log J vs. Log [trimethylamine] [Erupe et al., 2011] and Log J vs. Log [NH 3 ] are smaller than 1 [Benson et al., 2011] .
Conclusions
[18] We have made laboratory observations of multicomponent nucleation involving H 2 SO 4 and several atmospherically relevant amines using a fast flow nucleation reactor under H 2 SO 4 concentrations from 10 6 -10 8 cm À3 , amine concentrations from 0.3-6.0 ppbv, RH from 18-80%, and a temperature of 278 K. Both particle sizes and total number concentrations of sub-3 nm particles increased with increasing H 2 SO 4 and dimethylamine concentrations, indicating that dimethylamine is also involved in aerosol nucleation and growth. But the effect of H 2 SO 4 on formation of sub-3 nm particles was more dominant than that of dimethylamine, indicating that H 2 SO 4 is still the key nucleation precursor even in the presence of ppbv or subppbv of ternary base compounds. While the enhancement due to dimethylamine on number concentrations of particles larger than $1 nm were smaller than 5, the enhancement on particles larger than $2 nm were on the two orders of magnitude. The order of enhancement due to methylamine, dimethylamine, trimethylamine, triethylamine, and tertbutylamine and ammonia was the same as the order of basicity of these compounds, implying that acid-base reactions may play an important role in the amine effects on H 2 SO 4 aerosol nucleation.
